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Abstract
The effective interactions formed by neutron rescattering between the nuclei fixed in nodes of the
crystalline lattice of neutron star crusts have been considered. In the case of two-body resonances
in neutron-nucleus subsystems new neutron resonances of few-body nature come into existence
in the overdense crystal under certain conditions. The energies and widths of new resonances
get additional dependence on the lattice parameters. The effective interactions result in nonlinear
correction to the equation of state determined by the balance of gravitational, Coulomb and nuclear
resonance forces. This leads to resonant oscillations of density in the accordant layers of crusts that
are accompanied by oscillations of gamma radiation. The phenomena may clarify some processes
connected with few-body neutron resonances in neutron star crusts, that have influence on the
microstructure of pulsar impulses.
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INTRODUCTION
The specific interaction of neutron with two or more nuclei appears from the quantum
problem of scattering of a light particle on the subsystem of heavy particles [1].
The neutron-nucleus scattering has a lot of resonances at low energy region extending
up to hundreds of keV [2]. In the few-body system there is a more complicated resonance
behavior with a distinctive feature such as the additional dependence on distances between
the nuclei, i.e. on the lattice parameter - d.
The few-body resonance arises at the certain value of d = dr (r = 1, 2...), and disappears
if the parameter d becomes somewhat less, or, conversely, more than the resonance value.
Usually the neutron resonances of elastic scattering are accompanied with resonances in
neutron capture channel. And the elastic and inelastic amplitudes are resonantly enhanced
at the same values of the neutron energies and dr [3].
Note that the values of dr are much smaller than the size of atoms, but much larger than
the size of nuclei. Thus, for neutrons with energies E ∼ 100 keV, the resonances arise when
dr ∼ 50 fm, and for E ∼ 100 eV, dr ∼ 400 fm. Such distances between the nuclei can not be
achieved under normal conditions. They appear only in the overdense crystalline structures
of envelopes of neutron stars where mass densities are 106 g · cm−3 < ρ < 4 · 1011 g · cm−3 for
outer crust, and 4 · 1011 g · cm−3 > ρ > 1.4 · 1014 g · cm−3 for inner crust.
In the outer crust nuclei are completely stripped, and due to the energy gain of the system
form an almost perfect Coulomb crystal in the degenerate electron Fermi gas. The pressure
of degenerate electron Fermi gas is opposed to the giant gravitational pressure striving to
compress the matter. In the lower layers of the outer crust nuclei begin to capture electrons
with emission of neutrinos. These reactions lead to the formation of neutron-rich nuclei.
Deeper, in the inner crust, neutron-rich nuclei start to emit free neutrons [4].
Note that the reactions of electron capture give a lot of new nuclei not only in ground
state but also in exited states. The excited nuclei interact nonlinearly between each other as
the result of overlaps of their wave functions and tunneling effects. Nonleniar interactions
stimulate the high harmonic generation, i.e. production of photons with energies many times
greater than the excitation energy of a single source [5, 6]. Therefore, the energetic photons
emitted by group of exited nuclei are able to heat the surrounding layers and produce the
neutrino-antineutrino pairs interacting with electrons, and even knock the nucleons out
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from other nuclei. It means that free neutrons can appear in the overdense crystal almost
immediately after the beginning of electron capture reactions in the corresponding layers of
neutron star envelopes.
In this case the resonance forces can change the balance of gravitational and Coulomb
forces, which leads to the oscillations in the local layers.
FEW-BODY NEUTRON RESONANCES IN CRYSTALLINE STRUCTURES
It is clear that pressures created by the various forces should compensate each other, for
example, the balance of gravitational and Coulomb forces gives P = PG + PC = 0. Denote
d0 as the equilibrium value of the lattice parameter in this case. Note that the forces and
pressures increase monotonically with the depth in the crystal structure, and the values of
d0 is monotonically decreasing.
The resonance forces give a new relationship: P = PG + PC + P
ef
res = 0. Pressure is
determined by expression [4]: P = θ2∂(E/θ)/∂θ, where θ−1 is the volume per one baryon,
E is the total energy density of the respective forces.
The relevant effective energy can be determined with the Hellmann-Feynman relationship:
Eefn =< χn|V
ef |χn > / < χn|χn >, where V
ef is the effective interaction between the lattice
nuclei, n is a neutron. Then, using χn - the wave functions of a neutron in the potential
well the expression can be rewritten as Eefn = ξnV˜
ef , highlighting ξn - the number density
of free neutrons in the local layer.
In general, to determine Eef as a whole in the structure the sum of the energies of all
states n close to this resonance level must be taken. And besides, it is necessary to make
summation over all other resonant levels that appear in this layer.
In turn, V ef can be defined in the problem of neutron scattering on subsystem of few
heavy nuclei. Figure 1 shows the resonance behaviour of V ef in the lattice of 57Fe. And for
n + Ai + Aj → n + Ai + Aj analytical solutions can be obtained in the Born-Oppenheimer
approximation with the neutron-nucleus ti-matrices taken in the separable or Breit-Wigner
form [1], Ai is a nuclide, i - its number in the system.
For the pair t-matrix: ti = ν¯i(k)ηi(k0)νi(k
′), relationship with the Breit-Wigner reso-
nances is determined in a simple form η−1i = (E0 − ERi + iΓi/2) , E0 = k
2
0/2m - the
initial neutron energy, ERi ,Γi - the energy and width of neutron-nucleus resonance, and
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FIG. 1: V ef for (n +57 Fe +57 Fe)-system. The solid and dashed lines correspond to the real
and imaginary parts of V ef , respectively. Only the two-body (n +57 Fe)-resonance with energy
ER = 52.7 keV and width Γ = 0.24 eV is taken into account, the neutron energy E0 ≈ ER.
νi(k) ≃
√
Γi/(4pimk) for E ≃ ERi. We use the symbolic notation νi(k) = νi(k) · YLM(k̂)
and units h¯ = 1, c = 1, for simplicity. Then, the effective interaction between the nuclei is:
V efij (k0; r, r
′) = Cijηi(k0)Mij(k0; r, r
′)ηj(k0), (1)
where Cij = ν¯i(k) · νj(k
′), and r and r′ are the coordinates of the scattering centers at input
and output of a neutron from the system, measured from the point of symmetry between
the two nuclei.
The amplitude Mij(k0; r, r
′) =M+ij (k0; r)δ(r+r
′)+M−ij (k0; r)δ(r−r
′) and its components
M+ij (k0; r) =
1
Dii
Jij(k0; r) , M
−
ii (k0; r) =
1
Dii
Jik(k0; r)ηk(k0)Jki(k0;−r). (2)
The elements of the matrix Dij = δij − Jik(k0; r)ηk(k0)Jkj(k0;−r)ηj(k0), where by definition
Jii = 0, and Jij(k0; r) is the Fourier transform of the Born interaction in the three-body
system:
Jij(k0; r) = 2m
∫
dk exp(ikr)
νi(k)ν¯j(k)
k20 − k
2 + i0
. (3)
The zeros of the determinant D = 0 in the complex plane k0 correspond to resonant states
of the system and dr = 2|rr|.
Figure 2 shows the deviation of the equilibrium values of d0 - in the absence and d0,res in
the presence of neutron resonances in the local layers of the crystalline structure. The result-
ing local oscillations give reason to assume that the radiation accompanying the structural
neutron resonances will also have oscillatory behavior.
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FIG. 2: The sum of pressures in relative terms: (PG + PC + P
ef
res)/PC . Solid line corresponds
neutron density ξn = 0, i.e. P
ef
res = 0, dashed line - ξn = 6 · 10
−5fm−3 and the dotted line -
ξn = 1.44 · 10
−4fm−3.
The value of P efres is almost everywhere close to zero, and becomes significant near the
d ≈ dres. That is, each nuclide and each resonant level in the (n,A)-subsystem correspond
to a certain segment of layers, where d ≈ dres and, consequently, the density ρ ≈ ρres. This
is an important characteristic of the resonance strength.
The combined effect of forces gives a new equilibrium value of d0,res, which may not have
a monotonic behavior.
It is interesting that d0,res may appear in the region where the resonance interaction
becomes vanishingly small. In this case, the balance will settle without the participation
of resonance forces, and the density of local layers will tend to return to its original value:
d → d0. However, as before, if d0 comes close to dres, the resonance forces will rise again
and change the balance of power, again leading to d0,res.
This mechanism can result in local oscillations of density and generate a radiation in
this area with form of the comb, which may explain the complicated microstructure of the
impulses of some pulsars.
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